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CERN Openlab project
• Partnership with Micron:

• Computer memory and computer data 
storage manufacturer

• Advanced Computing Solutions (ACS)
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CERN Openlab project

Advanced Computing Solutions:
• SB-852:

• Xilinx Virtex Ultrascale+ UV9P
• 64GB DDR4 SODIMM
• High-bandwidth
• Low-latency
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“The SB-852 is designed to deliver unprecedented levels of high-bandwidth 
and low-latency performance in the smallest possible footprint for advanced, 
high-performance applications.”

https://www.micron.com/products/advanced-solutions/advanced-computing-solutions/hpc-single-board-accelerators/sb-852

https://www.micron.com/products/advanced-solutions/advanced-computing-solutions/hpc-single-board-accelerators/sb-852
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An FPGA ready for machine learning!
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https://fwdnxt.com/

FWDNXT:
• No need to VHDL programming

• Any framework*

• Any network*

*from Micron

https://fwdnxt.com/
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FWDNXT
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https://fwdnxt.com/

Workflow:
1. Train your network

2. Convert it into ONNX

3. Compile it using FWDNXT

4. Deploy

https://fwdnxt.com/
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DUNE CVN 
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• The DUNE Convolutional Visual Network 
(CVN) is a CNN used for the neutrino 
identification classification task.
• The DUNE CVN is inspired by the ResNet-18

architecture/.
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Architecture Overview
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• Based on ResNet-18 it helps to preserve 
the fine-grained detail deeper in the 
network.

• We tested the single output version of the 
current one in LArSoft.

ResNet-18

13 Output
neurons

(SoftMax)

Flavor CC 
QE

CC 
RES

CC 
DIS

CC 
Other NC

!" 0.79 0.005 0.02 0.02 ---

!# 0.02 0.06 0.01 0.005 ---

!$ 0.02 0.02 0.01 0.01 ---

NC --- --- --- --- 0.01

Input:
• 3 Channel 500x500 image
Output:
• 1x13 Probabilities of each interaction

Manuel J. Rodriguez

/cvmfs/dune.opensciencegrid.org/products/dune/dune_pardata/v01_52_00/dune/dune_cvn_resnet_april2018.pb
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Our workflow:
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1. We trained a ResNet-18 on GPU
2. After the successful train: Export it to ONNX
3. Compile it using FWDNXT
4. Run the tests
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1. We trained a ResNet-18 on GPU
2. After the successful train: Export it to ONNX
3. Compile it using FWDNXT
4. Run the tests

Repeat



10/17/19

Our workflow:

11Manuel J. Rodriguez

1. We trained a ResNet-18 on GPU
2. After the successful train: Export it to ONNX
3. Compile it using FWDNXT
4. Run the tests

Repeat



10/17/19

Problems:
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• No all layers are fully supported
• Work together with Micron to have more layer supported
• Conversion from Keras to ONNX has to be done using a 3rd party

library
• Precision issues:

• FPGA uses a Q8.8 fixed point
• Micron is working on new approaches to improve it 
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Results:
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Entries: 19500

• We ran the inference in Keras and in the FPGA for 1500 events



Results:
Flavor report:

precision    recall  f1-score   support

CC Numu 0.93      0.95      0.94    528775
CC Nue 0.89      0.96      0.93    516102

CC Nutau 0.58      0.31      0.40    101906
NC       0.92      0.92      0.92    773217

accuracy                           0.91   1920000
macro avg 0.83      0.78      0.80   1920000

weighted avg 0.90      0.91      0.90   1920000

Classification report:
precision    recall  f1-score   support

category 0       0.79      0.80      0.80    113213
category 1       0.59      0.67      0.62    157227
category 2       0.70      0.77      0.73    203583
category 3       0.71      0.24      0.36     54752
category 4       0.78      0.79      0.79    110484
category 5       0.61      0.70      0.65    154098
category 6       0.68      0.75      0.72    197268
category 7       0.59      0.43      0.50     54252
category 8       0.56      0.17      0.26     21447
category 9       0.42      0.06      0.10     23373
category 10       0.50      0.29      0.37     46824
category 11       0.49      0.05      0.09     10262
category 13       0.91      0.94      0.92    773217

accuracy                           0.77   1920000
macro avg 0.64      0.51      0.53   1920000

weighted avg 0.76      0.77      0.76   1920000
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Future plans:

• Move to raw data

• Integrate the FPGA in the protoDUNE-SP DAQ
• Test how far can we go in the data selection or 

even in fast online reconstruction

1810/17/19 Manuel J. Rodriguez
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Our plan: ML Self-Triggered Data
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Hit Finding 
BoardReader

Trigger
System

FELIX BoardReader

Raw data

BoardReader hosts

ArtDAQ Event Processing

EventBuilder

10x10Gb/s links
(optical multi-fiber)

FELIX server

2x100Gb/s links
(InfiniBand)

10 Gb/s link 
(SFP+)

Micron FWDNXT 
BoardReader Trigger candidates

Hits information
Micron SB-852

In host:
• DMA
• DDR4
Out host:
• Optical Links

?

W
IB

s
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Our plan: Hit Finding + ML Trigger candidate generator
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Trigger
System

FELIX BoardReader

Raw data

BoardReader hosts

ArtDAQ Event Processing

EventBuilder

10x10Gb/s links
(optical multi-fiber)

FELIX server

2x100Gb/s links
(InfiniBand)

10 Gb/s link 
(SFP+)

Micron FWDNXT 
BoardReader

Trigger candidates

Micron SB-852
In host:
• DMA
• DDR4
Out host:
• Optical Links
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Some consideration:
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• The FWDNXT framework is highly optimized for convolutional neural networks:
• As first approach: Design CNN using the hits information converted (somehow) into an 

image.
• Then explore more exotic networks: Graph networks.

• We need to generate our “raw data” dataset for training. 
• Apply the current hit-finding algorithms if we plan to use the hits information to train. 

• We need to decide what is a trigger for us: Design a multioutput network or a 
binary one.

•Any help is welcome!
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Summary
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• Micron provided us an FPGA ready for Machine Learning
• No VHDL programming
• Almost any network supported
• Designed to work with Pytorch, but the conversion is possible if done carefully
• Network size is not a problem for the FPGA

• We tested the ResNet-18 in production for neutrino classification
• Small errors (<1%) due to a loss of precision
• The overall performance still as good as in GPU

• We want to use it for data selection: Self-triggered data
• Still a lot of work to do
• Any help is welcome!

• We want to see how far we can go
• Track and shower online classification (?)
• Online flavor identification (?)



Backups
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SB-852
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Specifications:
• Xilinx Virtex Ultrascale+ UV7P or UV9P FPGA

• 2GB Hybrid Memory Cube
• Two full-width (x16) links with 15 Gb/s transceivers

• Up to 120 GB/s HMC bandwidth

• Up to 30 GB/s (RX and TX combined) via each full-width (x16) link

• 64GB DDR4 SODIMM (standard configuration); upgradeable to 
512GB of high-performance memory

• 2 QSFP transceiver connectors
• PCIe x16 Gen3 to the host

• SDAccel (OpenCL™) support

https://www.micron.com/products/advanced-solutions/advanced-computing-solutions/hpc-single-board-accelerators/sb-852

https://www.micron.com/products/advanced-solutions/advanced-computing-solutions/hpc-single-board-accelerators/sb-852
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ResNet-18 Summary
__________________________________________________________________________________________________
Layer (type)                    Output Shape         Param #     Connected to
==================================================================================================

input_1 (InputLayer)            (None, 500, 500, 3)  0
__________________________________________________________________________________________________
conv2d_1 (Conv2D)               (None, 250, 250, 64) 9472        input_1[0][0]

__________________________________________________________________________________________________
batch_normalization_1 (BatchNor (None, 250, 250, 64) 256         conv2d_1[0][0]
__________________________________________________________________________________________________

activation_1 (Activation)       (None, 250, 250, 64) 0           batch_normalization_1[0][0]
__________________________________________________________________________________________________
max_pooling2d_1 (MaxPooling2D)  (None, 125, 125, 64) 0           activation_1[0][0]

__________________________________________________________________________________________________
conv2d_2 (Conv2D)               (None, 125, 125, 64) 36928       max_pooling2d_1[0][0]
__________________________________________________________________________________________________

batch_normalization_2 (BatchNor (None, 125, 125, 64) 256         conv2d_2[0][0]
__________________________________________________________________________________________________
activation_2 (Activation)       (None, 125, 125, 64) 0           batch_normalization_2[0][0]

__________________________________________________________________________________________________
conv2d_3 (Conv2D)               (None, 125, 125, 64) 36928       activation_2[0][0]
__________________________________________________________________________________________________

add_1 (Add)                     (None, 125, 125, 64) 0           max_pooling2d_1[0][0]
conv2d_3[0][0]

__________________________________________________________________________________________________

batch_normalization_3 (BatchNor (None, 125, 125, 64) 256         add_1[0][0]
__________________________________________________________________________________________________
activation_3 (Activation)       (None, 125, 125, 64) 0           batch_normalization_3[0][0]
__________________________________________________________________________________________________

conv2d_4 (Conv2D)               (None, 125, 125, 64) 36928       activation_3[0][0]
__________________________________________________________________________________________________
batch_normalization_4 (BatchNor (None, 125, 125, 64) 256         conv2d_4[0][0]

__________________________________________________________________________________________________
activation_4 (Activation)       (None, 125, 125, 64) 0           batch_normalization_4[0][0]
__________________________________________________________________________________________________

conv2d_5 (Conv2D)               (None, 125, 125, 64) 36928       activation_4[0][0]
__________________________________________________________________________________________________
add_2 (Add)                     (None, 125, 125, 64) 0           add_1[0][0]

conv2d_5[0][0]
__________________________________________________________________________________________________
batch_normalization_5 (BatchNor (None, 125, 125, 64) 256         add_2[0][0]

__________________________________________________________________________________________________
activation_5 (Activation)       (None, 125, 125, 64) 0           batch_normalization_5[0][0]
__________________________________________________________________________________________________

conv2d_6 (Conv2D)               (None, 63, 63, 128)  73856       activation_5[0][0]
__________________________________________________________________________________________________
batch_normalization_6 (BatchNor (None, 63, 63, 128)  512         conv2d_6[0][0]

__________________________________________________________________________________________________
activation_6 (Activation)       (None, 63, 63, 128)  0           batch_normalization_6[0][0]
__________________________________________________________________________________________________

conv2d_8 (Conv2D)               (None, 63, 63, 128)  8320        add_2[0][0]
__________________________________________________________________________________________________
conv2d_7 (Conv2D)               (None, 63, 63, 128)  147584      activation_6[0][0]
__________________________________________________________________________________________________

add_3 (Add)                     (None, 63, 63, 128)  0           conv2d_8[0][0]
conv2d_7[0][0]

__________________________________________________________________________________________________

batch_normalization_7 (BatchNor (None, 63, 63, 128)  512         add_3[0][0]
__________________________________________________________________________________________________
activation_7 (Activation)       (None, 63, 63, 128)  0           batch_normalization_7[0][0]

__________________________________________________________________________________________________
conv2d_9 (Conv2D)               (None, 63, 63, 128)  147584      activation_7[0][0]
__________________________________________________________________________________________________

batch_normalization_8 (BatchNor (None, 63, 63, 128)  512         conv2d_9[0][0]
__________________________________________________________________________________________________
activation_8 (Activation)       (None, 63, 63, 128)  0           batch_normalization_8[0][0]

__________________________________________________________________________________________________
conv2d_10 (Conv2D)              (None, 63, 63, 128)  147584      activation_8[0][0]
__________________________________________________________________________________________________

add_4 (Add)                     (None, 63, 63, 128)  0           add_3[0][0]
conv2d_10[0][0]

__________________________________________________________________________________________________

batch_normalization_9 (BatchNor (None, 63, 63, 128)  512         add_4[0][0]
__________________________________________________________________________________________________
activation_9 (Activation)       (None, 63, 63, 128)  0           batch_normalization_9[0][0]

__________________________________________________________________________________________________
conv2d_11 (Conv2D)              (None, 32, 32, 256)  295168      activation_9[0][0]
__________________________________________________________________________________________________

batch_normalization_10 (BatchNo (None, 32, 32, 256)  1024        conv2d_11[0][0]
__________________________________________________________________________________________________
activation_10 (Activation)      (None, 32, 32, 256)  0           batch_normalization_10[0][0]

__________________________________________________________________________________________________
conv2d_13 (Conv2D)              (None, 32, 32, 256)  33024       add_4[0][0]
__________________________________________________________________________________________________
conv2d_12 (Conv2D)              (None, 32, 32, 256)  590080      activation_10[0][0]

__________________________________________________________________________________________________
add_5 (Add)                     (None, 32, 32, 256)  0           conv2d_13[0][0]

conv2d_12[0][0]

__________________________________________________________________________________________________
batch_normalization_11 (BatchNo (None, 32, 32, 256)  1024        add_5[0][0]
__________________________________________________________________________________________________

activation_11 (Activation)      (None, 32, 32, 256)  0           batch_normalization_11[0][0]
__________________________________________________________________________________________________
conv2d_14 (Conv2D)              (None, 32, 32, 256)  590080      activation_11[0][0]

__________________________________________________________________________________________________
batch_normalization_12 (BatchNo (None, 32, 32, 256)  1024        conv2d_14[0][0]
__________________________________________________________________________________________________

activation_12 (Activation)      (None, 32, 32, 256)  0           batch_normalization_12[0][0]
__________________________________________________________________________________________________
conv2d_15 (Conv2D)              (None, 32, 32, 256)  590080      activation_12[0][0]

__________________________________________________________________________________________________
add_6 (Add)                     (None, 32, 32, 256)  0           add_5[0][0]

conv2d_15[0][0]

__________________________________________________________________________________________________
batch_normalization_13 (BatchNo (None, 32, 32, 256)  1024        add_6[0][0]
__________________________________________________________________________________________________

activation_13 (Activation)      (None, 32, 32, 256)  0           batch_normalization_13[0][0]
__________________________________________________________________________________________________
conv2d_16 (Conv2D)              (None, 16, 16, 512)  1180160     activation_13[0][0]
__________________________________________________________________________________________________

batch_normalization_14 (BatchNo (None, 16, 16, 512)  2048        conv2d_16[0][0]
__________________________________________________________________________________________________
activation_14 (Activation)      (None, 16, 16, 512)  0           batch_normalization_14[0][0]

__________________________________________________________________________________________________
conv2d_18 (Conv2D)              (None, 16, 16, 512)  131584      add_6[0][0]
__________________________________________________________________________________________________

conv2d_17 (Conv2D)              (None, 16, 16, 512)  2359808     activation_14[0][0]
__________________________________________________________________________________________________
add_7 (Add)                     (None, 16, 16, 512)  0           conv2d_18[0][0]

conv2d_17[0][0]
__________________________________________________________________________________________________
batch_normalization_15 (BatchNo (None, 16, 16, 512)  2048        add_7[0][0]

__________________________________________________________________________________________________
activation_15 (Activation)      (None, 16, 16, 512)  0           batch_normalization_15[0][0]
__________________________________________________________________________________________________

conv2d_19 (Conv2D)              (None, 16, 16, 512)  2359808     activation_15[0][0]
__________________________________________________________________________________________________
batch_normalization_16 (BatchNo (None, 16, 16, 512)  2048        conv2d_19[0][0]

__________________________________________________________________________________________________
activation_16 (Activation)      (None, 16, 16, 512)  0           batch_normalization_16[0][0]
__________________________________________________________________________________________________

conv2d_20 (Conv2D)              (None, 16, 16, 512)  2359808     activation_16[0][0]
__________________________________________________________________________________________________
add_8 (Add)                     (None, 16, 16, 512)  0           add_7[0][0]

conv2d_20[0][0]
__________________________________________________________________________________________________
batch_normalization_17 (BatchNo (None, 16, 16, 512)  2048        add_8[0][0]

__________________________________________________________________________________________________
activation_17 (Activation)      (None, 16, 16, 512)  0           batch_normalization_17[0][0]
__________________________________________________________________________________________________
average_pooling2d_1 (AveragePoo (None, 1, 1, 512)    0           activation_17[0][0]

__________________________________________________________________________________________________
flatten_1 (Flatten)             (None, 512)          0           average_pooling2d_1[0][0]
__________________________________________________________________________________________________

categories (Dense)              (None, 13)           6669        flatten_1[0][0]
==================================================================================================
Total params: 11,193,997

Trainable params: 11,186,189
Non-trainable params: 7,808
__________________________________________________________________________________________________
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